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FAILSAFE OPERATION OF ACTIVE VEHICLE 

SUSPENSION 

TECHNICAL FIELD 

This invention relates to failsafe operation of an active 
vehicle suspension. 

BACKGROUND 

A vehicle suspension performs many critical functions, such 
as supporting a weight of a vehicle body, providing directional 
control during handling maneuvers, and isolating passengers 
comfortably from road disturbances. Active suspension systems, 
such as electrically or hydraulically actuated systems, can 
generate forces arid motions between the vehicle's body and its 
wheel assemblies to control a vehicle's ride quality. 

SUMMARY 

In an aspect, the invention features a system including, in 
a vehicle suspension having an actuator, a clamp circuit powered 
by movement of the actuator to generate a passive damping 
characteristic of the actuator. 

One or more of the following features can also be included. 
The clamp circuit can include a switch for electrically 
connecting an actuator coil assembly. The actuator coil 
assembly can be a multiple-phase coil assembly, the switch 
electrically connecting one or more coil ends to change the 
passive damping characteristic of the actuator. The switch can 
be a silicon device, the clamp circuit can include a rectifier 
and the switch can be a single unidirectional switch. The 
movement of the actuator can generate a back electromotive force 
(EMF) as a result of an armature moving relative to a stator 
within the actuator, the back EMF powering the clamp circuit. 
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The back EMF can be boosted by a supplemental circuit. The 
supplemental circuit can include a bipolar Royer oscillator 
capable of operating at an input voltage approximately 0.5 
volts . 

5 In embodiments, the clamp circuit can be enabled during a 

vehicle startup and shutdown, and/or when a failure is detected. 
The passive damping characteristic of the actuator can also be 
changed via pulsing the clamp circuit. 

In another aspect, the invention features a system 

10 including, in a vehicle suspension system having an actuator, an 
active clamp function provided by power- switching devices for 
the actuator, and a clamp circuit powered by a motion of the 
actuator. 

One or more of the following features can also be included. 

15 The actuator coil assembly can be a multiple-phase coil 
assembly, and the clamp circuit can include a switch for 
electrically connecting one or more coil ends to change a 
passive damping characteristic of the actuator. The switch can 
be a silicon device, and the clamp circuit can include a 

20 rectifier and the switch can be a single unidirectional switch. 
The clamp circuit can be enabled during a vehicle startup and 
shutdown, and/or when a failure is detected. The passive damping 
characteristic of the actuator can also be changed via pulsing 
the clamp circuit. 

25 In another aspect, the invention features a vehicle 

suspension system including an electronic controller adapted to 
produce an actuator control signal, and an actuator adapted to 
receive electrical power from an external power source and to 
produce a controlled force in response to the actuator control 

30 signal produced by the electronic controller, the actuator 

including a clamp circuit engageable by power generated within 
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the actuator by movement of the actuator itself to generate a 
passive damping characteristic of the actuator. 

One or more of the following features can also be included. 
The clamp circuit can include a switch for electrically 

5 connecting an actuator coil assembly. The actuator coil assembly 
can be a multiple-phase coil assembly, and the switch can 
electrically connect one or more coil ends to change the passive 
damping characteristic of the actuator. A movement of the 
actuator can generate an electromotive force to operate the 

10 switch adapted to receive the electromotive force to maintain 
electrical connection between windings. The switch can be a 
silicon device, a clamp circuit can include a rectifier and the 
switch can be a single unidirectional switch. The passive 
damping characteristic of the actuator can also be changed via 

15 pulsing the clamp circuit. 

In another aspect, the invention features a method 
including, in a vehicle suspension having an actuator, 
generating a passive damping characteristic of an actuator with 
a clamp circuit powered by movement of the actuator. 

20 One or more of the following features can also be included. 

The clamp circuit can include a switch for electrically 
connecting an actuator coil assembly. The actuator coil assembly 
can be a multiple-phase coil assembly, the switch electrically 
connecting one or more coil ends to change the passive damping 

25 characteristic of the actuator. The switch can be a silicon 

device, the clamp circuit can include a rectifier and the switch 
can be a single unidirectional switch. Movement of the actuator 
can generate a back electromotive force (EMF) as a result of an 
armature moving relative to a stator within the actuator, which 

30 powers the clamp circuit. The back EMF can be boosted by a 

supplemental circuit. The supplemental circuit can include a 
bipolar Royer oscillator capable of operating at an input 
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voltage approximately 0.5 volts. The clamp circuit can be 
enabled during a vehicle startup and shutdown, and/or when a 
failure is detected. The actuator can be powered by a power 
electronics module that also provides an active clamp to the 
actuator motor. The active clamp and the clamp circuit can be 
simultaneously enabled when a failure is detected or during 
vehicle shutdown. The active clamp can be enabled and the clamp 
circuit disabled sequentially during vehicle startup. The clamp 
circuit and the active clamp can be sequentially disabled when 
switching back from failure to normal operation mode. A clamp 
circuit status signal can be fed to the power electronics module 
to inhibit the power electronics module from switching when the 
clamp circuit is enabled. The passive damping characteristic of 
the actuator can also be changed via pulsing the clamp circuit. 

In another aspect, the invention features a system 
including, in a vehicle suspension system having an actuator, an 
active clamp function provided by power- switching devices for 
the actuator, and a clamp circuit powered by a power source. 

One or more of the following features can also be included. 
An actuator coil assembly can be a multiple-phase coil assembly, 
the clamp circuit can include a switch for electrically 
connecting one or more coil ends of the actuator to change a 
passive damping characteristic of the actuator. The power 
source can be a battery. The power source can be a large valued 
capacitor. The passive damping characteristic of the actuator 
can also be changed via pulsing the clamp circuit. 

In another aspect, the invention features, in a system 
having an actuator, a clamp circuit powered by movement of the 
actuator to clamp the coil assembly of the actuator. 

One or more of the following features can also be included. 
The clamp circuit can include a switch for electrically 
connecting an actuator coil assembly. The actuator coil 
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assembly can be a multiple-phase coil assembly, the switch 
electrically connecting one or more coil ends to change a 
passive damping characteristic of the actuator. The passive 
damping characteristic of the actuator can also be changed by 
5 pulsing the clamp circuit. The switch can be a silicon device, 
the clamp circuit can include a rectifier and the switch can be 
a single unidirectional switch. A movement of the actuator can 
generate a back electromotive force (EMF) as a result of an 
armature moving relative to a stator within the actuator, the 
10 back EMF powering the clamp circuit. The back EMF can be 

boosted by a supplemental circuit. The actuator motor can be a 
linear motor or a rotary motor. 

The invention can include one or more of the following 
advantages . 

15 A vehicle suspension system has a linear or rotary motor 

actuator that, upon a loss of electrical power, provides a 
desired level of passive damping of the motion of a wheel 
assembly with respect to a vehicle body. The actuator is 
configured such that its passive damping characteristics act in 

20 concert with other passive suspension components selected for 
efficient suspension operation under normal conditions, to 
provide for safe handling and a relatively comfortable ride 
until the vehicle can be serviced. 

The vehicle suspension system employs power developed by 

25 the actuator itself to activate circuitry to provide the desired 
passive damping characteristics. 

The system provides a vehicle suspension system with a 
robust failure mode that can be tailored, by appropriate 
selection of mechanical and electrical component parameters, to 

30 reasonably simulate the passive response of a traditional, 
mechanical suspension . 



5 



02103-381001 



Maintaining the desired passive damping characteristics by 
employing power generated within the actuator itself, such as 
from the back electromotive force (EMF) generated by actuator 
load and motion, results in a stable shut down mode and 
5 increases overall system efficiency by avoiding a need for 

normally closed switches that must be actively held open during 
normal operation. 

In a self -clamped, controlled, shut down mode, the actuator 
need not require any electrical power from an external source, 
10 such as a battery or capacitor. 

The details of one or more embodiments of the invention are 
set forth in the accompanying drawings and the description 
below. Other features, objects, and advantages of the invention 
will be apparent from the description and drawings, and from the 
15 claims. 

DESCRIPTION OF DRAWINGS 

FIG. 1 is a block diagram of an active vehicle suspension 
system. 

FIG. 2 is a system block diagram. 
20 FIG. 3 shows a failsafe clamp circuit powered by back EMF. 

FIG. 4 shows a failsafe clamp circuit powered by a large 
valued capacitor. 

FIG. 5 shows a failsafe clamp circuit powered by a battery. 

Like reference symbols in the various drawings indicate 
25 like elements. 



DETAILED DESCRIPTION 

As shown in FIG. 1, an exemplary system 10 includes active 
vehicle suspension actuator 12 . The actuator 12 includes an 
armature 14 movable with respect to a stator 16. The armature 14 
30 can include permanent magnets and stator 16 can include multiple 

6 
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phases of coils (not shown) . By exciting the coils of stator 16 
with current, electrical energy is converted into mechanical 
work. By appropriately controlling the currents into each of 
the coils, a desired variation in force can be produced by 

5 actuator 12. In this example, a linear electromagnetic motor 
configuration is utilized, but it should be understood that 
other types of motor configurations, such as rotary motors or 
moving coil designs, are also applicable. Also, in this 
example, a three-phase coil assembly is assumed, but is should 

10 be understood that other numbers and arrangements of coils are 
also applicable. The invention should not be limited to the 
exemplary active vehicle suspension system, as it is applicable 
to other applications such as a conventional passive vehicle 
suspension system and any systems incorporating an actuator, 

15 such as a robot . 

Stator 16 is attachable to an end of a top cap 18, which is 
a metallic housing that defines an internal cavity. Top cap 18 
further affixes to a vehicle body 20, while armature 14 affixes 
to a wheel assembly 22 and travels through the internal cavity 

20 of top cap 18. Depending upon packaging considerations, 

electronics to control actuator 12 can be placed inside top cap 
18 such that the armature's motion does not interfere with the 
electronics. Control electronics can also be packaged 
externally to the actuator 12. 

25 There are a variety of possible implementations for 

actuator 12, such as those described in U. S. Patent 5,574,445 
(Maresca et al . ) for a linear electromagnetic motor, 
incorporated herein by reference in its entirety. 

As shown in FIG. 2, during normal operation of actuator 12, 

30 switching power electronics 54 controls currents in coils of 

stator 16 to generate a desired force between the vehicle body 
20 and wheel assembly 22. The coils of stator 16 can be 

7 
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organized into phases and each phase can be driven by solid- 
state half -bridge switches. 

A single-phase motor has a coil, or winding, assembly with 
two ends. A multi-phase motor has a coil, or winding, assembly 

5 with multiple ends. If one electrically connects together, or 
clamps, the coil assembly by connecting or clamping some or all 
of the coil ends of an electromagnetic actuator, a damping force 
is generated. Specifically, a back electromotive force (EMF) is 
generated when the magnets in armature 14 move relative to the 

10 coils in stator 16. By clamping the coils, this back EMF is 
dissipated in the resistance of the coils and a damping force 
results. The damping force generated is related to the relative 
velocity of the stator 16 and armature 14. As a result, a 
clamped actuator generates a damping force in a manner similar 

15 to a traditional shock-absorber. 

One manner of clamping the coils of stator 16 is for power 
electronics 54 to stop switching and command some or all of its 
half-bridges to hold either their low-side or high-side switches 
in a constant on state. This has an effect of connecting all of 

20 the coil leads together. When power electronics 54 operates in 
this mode, it is referred to as active clamping. 

In addition to generating forces to provide a comfortable 
ride to vehicle occupants, the forces generated by actuator 12 
serve a safety function by damping gross vehicle motions and 

25 damping excessive wheel vibrations. In case of a failure in the 
power electronics 54, or during startup and shutdown, these 
safety-related forces must still be generated. Since, in these 
situations, the power electronics 54 cannot be relied upon to 
provide active clamping, a separate failsafe clamping circuit 77 

30 is also connected to the coils of stator 16. 

There are several ways to provide a failsafe clamping 
function. A mechanical relay can be employed to physically 

8 
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connect the leads of the coils. But mechanical relays are prone 
to failures when subjected to the vibration and temperature 
extremes found in a vehicle suspension system. Hence, a solid- 
state "relay" solution is more reliable than a mechanical 
5 solution. 

Because failsafe clamping circuit 77 provides a failsafe 
function, it is desirable for the "relay" to have a normally- 
closed behavior. In other words, by default (i.e., with no 
power applied) , the failsafe clamping circuit 77 should operate 

10 such that the coils are clamped and damping is provided. One 

example of a normally-closed solid-state device is a depletion- 
mode junction field effect transistor (JFET) . Normally- closed 
solid-state devices, like JFETs, are typically rated for low 
currents (i.e., hundreds of milliamps) , low voltages (i.e., tens 

15 of Volts), and low power (i.e., a few Watts). A vehicle 

suspension system incorporating an electromagnetic actuator 
typically requires high power. As such, normally-closed solid- 
state solutions cannot be used. 

Another design alternative is to use a normally-open solid- 

20 state solution. Examples of normally-open devices include 

enhancement -mode devices like metal oxide semiconductor field 
effect transistors (MOSFETs) , bipolar junction transistors 
(BJTs) , insolated gate bipolar transistors (IGBTs) , and silicon- 
controlled rectifiers (SCRs) . To operate the failsafe clamping 

25 function, power must be provided to enable these types of 

devices. Because both MOSFETs and IGBTs require very little 
power to turn them on and keep them on, they are good choices. 
Failsafe clamping circuit 77 is described using an IGBT, but it 
should be understood that other normally-open devices can be 

30 used. 

As armature 14 moves relative to stator 16, it is possible 
for both positive and negative currents to be generated in the 

9 
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coils of stator 16. As a result, the solid-state switch should 
allow bi-directional current flow. Most solid-state switches 
are either unidirectional or difficult to turn on in a bi- 
directional mode. Therefore, failsafe clamping circuit 77 

5 includes a multi-phase full -wave rectifier bridge 78 to steer 
the bi-directional voltages and currents of the phases to a 
single, unidirectional voltage and current. As such, only one 
unidirectional switch 79 is used. 

In order to provide the failsafe clamping function, circuit 

10 77 should provide power to enable, by closing, the normally-open 
switch 79. This power can be provided by a storage device such 
as a battery or a capacitor. However, solutions that utilize a 
storage device are susceptible to failure if the storage device 
fails . 

15 Another manner of providing power to enable the normally- 

open switch 79 is to use power associated with the back EMF. If 
the armature 14 is not moving relative to the stator 16, no 
damping force needs to be provided and the normally-open switch 
79 can remain open. However, when the armature 14 begins to 

20 move relative to the stator 16, the switch 79 must be closed. 

As shown in FIG. 3, a circuit 100 implements one example of 
a failsafe clamping circuit that enables the switch 79 to adapt 
to receive the back EMF. Three coils are connected through a 
three-phase, full-wave rectifier 102. A three-phase 

25 configuration is shown as an example, but it should be 

understood that other numbers of phases and coil arrangements 
can also be clamped. A rectifier 102 generates two outputs, 
labeled BAC KEMF_H I GH and BACKEMF_LOW . The normally-open switch 
used in this example is IGBT 124. When the IGBT gate is turned 

30 on (i.e., a voltage of 5 to 15 Volts is present on IGBT_GATE) , 
the IGBT 124 shorts together the two outputs of the full -wave 
rectifier 102. This effectively clamps the coils and provides 

10 
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the desired damping function. When IGBT 124 is enabled and the 
actuator coil assembly is being clamped, the voltage across IGBT 
124 (i.e., BACKEMF__HIGH less BACKEMF_LOW , which corresponds to 
the output of the full -wave rectifier) is approximately 1 Volt. 
5 The amount of damping can be controlled by connecting 

either a fixed or a variable resistor (not shown) between the 
IGBT 124 and the output of the rectifier 102. The amount of 
damping can also be controlled by electrically connecting only a 
subset of the coils or windings for an actuator having a 

10 multiple-phase coil assembly. The amount of damping can be 

further controlled by pulsing switch 79 on and off. By pulsing 
switch 79, the amount of damping can be dynamically varied 
between zero and some maximum amount. An example of pulsing 
switch 79 would be to pulse-width-modulate the IGBT_GATE signal 

15 at a fixed frequency and vary the duty cycle between 0 and 100%. 

The back EMF generated by relative motion of the stator 16 
and armature 14 is used to generate a voltage to enable IGBT 
124. When the armature 14 first starts moving, some small back 
EMF voltage is generated. Because IGBT 124 is not fully enabled 

20 until the gate voltage reaches at least 5 Volts, the back EMF 
voltage is boosted up before driving the gate. Since enabling 
the gate of an IGBT requires at least 5 Volts and since the 
enabled IGBT sees a voltage of about 1 Volt, a boost ratio 
greatly exceeding 5-to-l is desired. In practice, a much higher 

25 boost ratio is desirable, so that the IGBT gate can be enabled 
at extremely small levels of back EMF. 

One method for boosting the voltage is to use a 
transformer. Permeable core transformers that work at less than 
2 0 Hertz (which corresponds to the dominant frequency components 

30 of the back EMF) are large and somewhat impractical. Instead, 

Royer oscillator circuit 104 is used. The oscillator 104 begins 
operating when the back EMF reaches approximately 0.5 Volts and 

li 
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oscillates at a frequency of approximately a few kilohertz. The 
output of the oscillator 104 is then passed to a high-frequency 
step-up transformer 106. For the exemplary circuit, a boost 
ratio of 60 (using a turns ratio of 900 to 15) is provided. The 

5 output of transformer 106 is rectified and stored in circuit 

108. The output of circuit 108 is then used to drive the gate 
of IGBT 124. By using the Royer oscillator circuit 104, only 
approximately 0.5 Volts of back EMF is needed to enable IGBT 124 
and clamp the coils of the stator 16. Once the IGBT 124 is 

10 enabled, a capacitance in circuit 108 keeps the IGBT 124 enabled 
even after the armature 14 slows down. No external power is 
required to clamp the coils; only the back EMF is used to enable 
the IGBT 124. 

Because failsafe clamping circuit 100 provides a failsafe 

15 function, its default state is enabled (i.e., it clamps the 
motor leads) . Hence, at system startup, before power 
electronics 54 are ready to take control of the coils, any back 
EMF automatically causes the coil ends to be clamped. The power 
electronics 54 will first enter the active clamping mode before 

20 signaling failsafe clamping circuit 77, using the CLAMPED I SABLE 
signal 90, to disable the clamp circuit 100. Then, once failsafe 
clamping circuit 100 has acknowledged the request to disable, 
using signal CLAMPDISABLESTAT 91, power electronics 54 can begin 
switching. In this condition, power electronics 54 can control 

25 the currents flowing into the coils and, as a result, control, 
via an electronic controller, the force generated by the 
actuator 12. This condition is considered the "normal operating 
mode" of actuator 12. At system shutdown, power electronics 54 
enters the active clamping mode and then signals failsafe 

30 clamping circuit 100 to enable by changing the state of the 

CLAMP_DI SABLE signal 90. Both the failsafe clamping circuit 100 
and the active clamping mode can be enabled simultaneously, as 

12 
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they provide redundant functions. When external power is 
eventually removed from the system, power electronics 54 
completely releases control of the coils, while the failsafe 
clamping circuit 100 continues to operate and clamp the coil 

5 ends whenever sufficient back EMF is generated. 

The power electronics 54 can have a series of internal 
diagnostic checks, and the failsafe clamp circuit 100 can be 
enabled whenever a failure is detected. Power electronics 54 
failures can include out-of-range voltage conditions, failure of 

10 a power switch, over/under temperature limits, loss of 

communication with the electronic controller, and over-current 
detection. If a failure occurs while power electronics 54 are 
switching (i.e., during the "normal operating mode" of actuator 
12), power electronics 54 signal the failsafe clamping circuit 

15 100 to enable by changing the state on the CLAMP_DI SABLE signal 
90. At the same time, power electronics 54 stops switching and 
can attempt to provide a redundant damping function using the 
active clamping mode. 

The CLAMPED I SABLE signal 90 from power electronics 54 is 

20 used to disable the failsafe clamping circuit 100 using opto- 
isolator 110. This action is then acknowledged by circuit 112 
using the CLAMPDISABLESTAT signal 91. By sharing the failsafe 
clamping circuit's status with power electronics 54, a system is 
protected against a cable break between the power electronics 54 

25 and failsafe clamping circuit 100. If a cable break occurs, 
power electronics 54 stops switching and failsafe clamping 
circuit 100 engages. This ensures that power electronics 54 
never attempts to switch its half-bridges when the failsafe 
clamping circuit 100 is enabled. The failsafe clamping circuit 

30 100 and the active clamp are sequentially disabled when 
switching back from failure to normal operation mode. 
. Circuit 114 inhibits the operation of the Royer oscillator 

13 
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circuit 104 and protects circuit 104 from exposure to high 
switching voltages whenever the CLAMPED I SABLE signal 90 is 
asserted. 

In other examples the failsafe clamp circuit 100 can be 

5 powered by other power sources, such as, for example, a large 
valued capacitor or a battery. 

FIG. 4 shows a failsafe clamp circuit 200 powered by a large 
valued capacitor which includes a three-phase, full-wave 
rectifier 102 with two outputs, labeled BACKEMF_H I GH and 

10 BACKEMF_LOW and a normally open silicon switch IGBT 124. A large 
valued capacitor 212 is used as a storage element. Its output is 
further utilized to drive the gate of IGBT 124. An isolated 
supply 210 keeps the capacitor 212 charged while the vehicle is 
operating normally. As in FIG. 3, the opto- isolator 110 is used 

15 to disable the failsafe clamping circuit 200. 

FIG. 5 shows failsafe clamp circuit 300 powered by a battery 
252. The battery 252 is used as a storage element and its output 
is utilized to drive the gate of IGBT 124. The battery 252 can 
be either a primary cell or a secondary cell and an isolated 

20 supply 250 can keep the battery 252 charged while the vehicle is 
operating normally. The opto-isolator 110 is used to disable the 
failsafe clamping circuit 300. 

The invention has been described in terms of particular 
embodiments. Other embodiments are within the scope of the 

25 following claims. 
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